The adenylate cyclase activity of rat pancreatic plasma membranes is stimulated, in the presence of GTP or a GTP analogue, by two families of gastrointestinal peptides that are best represented by cholecystokinin-pancreozymin (CCK) and secretin (Svoboda et activate(s) the catalytic subunit when occupied with G TP, p [N H ]p p G f or GTPyS (Svoboda etal. 1978 a; R en d e ll^a/. 1977; . Further, the hydrolysis of G T P may represent the major turn-off mechanism of adenylate cyclase activity (Rendell 1977; . Indeed, we dem onstrated 2 years ago the existence of a specific horm one-dependent GTPase of low Km in rat pancreatic plasma membranes (Lam bert
1979)-T h e t w o -s t a t e m o d e l o f a c t i v a t i o n -d e a c t i v a t i o n AND ITS EXPERIMENTAL APPROACH
The intricate interaction of hormone or cholera toxin or both with guanine nucleotides in an adenylate cyclase system can be studied by examining the kinetics of the intact system or the chemical properties of isolated and recombined subunits. In the present study, the interaction of the hormone CCK-8 and of a cholera toxin pretreatm ent with guanine nucleotides was examined on semi-purified rat pancreatic plasma membranes, and the values of the kinetic constants of activation and deactivation with G TP, p[N H ]ppG and GTPyS were determined. To interrupt activation, we took advantage ofG D PpS and ofB t2 c-G M P as specific inhibitors of, respectively, G T P Cassel et al. 1979; Svoboda et al. 1980) and CCK-8 . The alterations of kinetic param eters were correlated with the steady-state concentration of activated adenylate cyclase and the activity of specific GTPase observed at equilibrium.
The experimental data were tested against a two-state model (figure 1) in which the concentration of the activated enzyme increases when the activation rate increases, when the deactivation rates decrease, or both. This relation involves a dynamic equilibrium of pancreatic adenylate cyclase between inactive (Ej) and active (Ea) states.
In the presence of G T P (figure la ), the determining step of activation is considered to be a pseudo-monomolecular process (rate constant k+1). The G TP-activated enzyme is deactivated by either the hydrolysis of G T P by a GTPase closely associated to the regulatory site (rate constant k2) or the dissociation of the intact nucleotide (rate constant k_1). The tota deactivation rate constant measured experimentally (£off) includes both processes. G T P alone is a weak activator of pancreatic adenylate cyclase (table 1) (Svoboda et al. 1978^) because £+1 is small in the absence of hormone compared with A ;off.
W hen a stable nucleotide is used (figure lb ), such as p[N H ]ppG or GTPyS which cannot be hydrolysed by the GTPase, this nucleotide proves to be a better activator than G T P since k2 = 0 and k+1 > k_ x.
The present model (Svoboda et al. 1981 ) is characterized, therefore, by three rate constants: k+ 1 , k2, and k_x. A simpler model of activation-deactivation, with only two rate constants and k2) (Blume & Foster 1976; , has been supported experimentally for the |3-adrenergic-sensitive adenylate cyclase of turkey erythrocyte. Birnbaum er and his coworkers a, b\ Iyengar et al. 1980 have recently suggested that the enzy hepatic plasma membranes may be active not only when occupied by G TP, but also when occupied by GDP, or when free of nucleotide. This is apparently not so in adenylate cyclase systems from rat pancreas or turkey erythrocyte, where enzyme activity is vanishingly low in the absence of added nucleotide (Svoboda et al. 1978 Tolkovsky & L presence of GDPPS ( Effects of CCK-8 and cholera toxin on the degree of adenylate cyclase activation at steady state
In table 1, maximal adenylate cyclase activity was that attained at equilibrium with 1 JJ.M GTPyS and 0.3 pM CCK-8 and served as a reference. Compared with these values, the basal activity in native membranes was almost zero when tested in the presence of 1 pM GDPpS (to inhibit any endogenous GTP-like material). Adenylate cyclase was only weakly activated with G TP alone. A saturating 0.3 pM concentration of CCK-8 allowed a 15-fold increase in G TP fractional activation: from 4 to 61% . When membranes were pretreated with 0.5 and 30 pg/m l cholera toxin, the fractional steady-state activation attained with G TP increased from 4 % in untreated membranes to 20 and 51% respectively.
Because the concentration of GTP-activated adenylate cyclase was in dynamic equilibrium between activation and deactivation rates, the increased G TP efficacy with CCK-8 or after pretreatm ent with cholera toxin was, conceivably, produced by an increased activation rate constant k+x, a decreased deactivation rate constant ff, or both.
Effects of CCK-8 and cholera toxin on the true rate constants k2 and (a) The rate constant of a c t i v a t i o n, k+x
k+x is one of the three components of% bs, which is the sum of A+1, k2 and k_x. With the use of p[N H ]ppG , a nucleotide that cannot be hydrolysed, the contribution of k2 to %bs is zero a priori. Furthermore, k_x is very small compared with k+x (see below), so that kohs reflects mostly k with p[N H ]ppG . In practice, k+x with p[N H ]ppG was tested accurately by a two-step incubation method separating the activation of adenylate cyclase from the assay of the degree of activation. The time course of adenylate cyclase activation was followed by transferring at indicated times aliquots to tubes containing [a-32P]A T P and the p[N H ]ppG inhibitor GDP(3S. The reaction in each aliquot was stopped after 2 min and the cyclic [32P]AM P formed was assayed.
To understand first the significance of conclusions may be drawn. (1) The relatively large k+1 (0.24 m in-1) explains why the pancreatic system, unlike the turkey erythrocyte system, can be activated with p[N H ]ppG alone. (2) The fact that this value for k+l was independent of p[N H ]ppG concentration (figure 2 b) indicated that the activation process was pseudomonomolecular. This regulatory step, allowing easier access of the activating nucleotide, can be visualized as an 'opening' of the regulatory site The activation constant was determined as described in figure 2; p[NH]ppG at 2.5 pM was used as activator and GDPPS at 0.3 mM was used to stop the activation process. The assay time of adenylate cyclase activity was 2 min. The experiments were conducted with control membranes (o) or membranes pretreated with cholera toxin at 0.5 pg/ml (#) or 30 pg/ml (a). The numbers against lines plotted in are Aobs/min-1. (a) The activity of adenylate cyclase stimulated with 10 pM GTP (first column), is expressed in the second column as a fraction of maximal enzyme activity attained with 500 nM CCK-8 and 10 |xm p [NH] ppG. This maximal activity was 840 pmol cyclic AMP formed per minute per milligram of protein.
T able 2. E ffect of increasing c o n cen tra tion of CCK-8 on t h e fr a c tio n of maximal ACTIVITY AT STEADY STATE AND ON THE EXPERIMENTAL AND CALCULATED RATE CONSTANT OF ACTIVATION OF PANCREATIC ADENYLATE CYCLASE (<0 10 pM GTP-activated adenylate cyclase w (-----------------------
(b) Derived from [Ea]/[E tot] (in the second column) and from the experimental value for koU of 7 min-1, which is independent of the presence of CCK-8 :
that the large degree of activation obtained with CCK-8 (stippled in figure can be explained largely by a 55-fold increase in £+1, while the similar degree of activation obtained after pretreatm ent at the high cholera toxin concentration cannot be accounted for by that significant, yet too modest, four-fold increase in k+l.
(b) The rate constant of hydrolysis of G TP, k2
To obtain a more comprehensive view of the underlying mechanisms, it was therefore necessary to take into account k2 and k_t, the two last rate constants of the system, which together compose A ;off. tubes. In tube I, in each series, membranes were preactivated with 0.25 |AM G TP and 0.05 jam CCK-8. After 1.5 min the preactivation was stopped with either 0.9 mM GDP(3S alone (figure 6a) or GDPpS and 2 mM Bt2 c-GMP used in combination ( figure 6 b) . [a-32P]ATP was also added and the formation of cyclic [a-32P]AM P was followed for 60 s. In tube II, the enzyme was not inhibited during the second step after the preactivation period. The value for £off was derived graphically from the difference between curves II and I, according to Cassel et al. IO Vol. 296 . B F ig u r e 6. Comparison of the values of deactivation rate, k observed after addition, at final concentration, of 0.1 mM GDPPS (a) or 0.1 mM GDPPS and 0.67 mM Bt2 c-GMP ( ). Native membranes were preactivated for 1| min at 37 °C, in the presence of 0.05 pM CCK-8 and 0.25 pM GTP, in an adenylate cyclase assay medium lacking [a-32P]ATP. [a-32P]ATP with or without inhibitor(s) was then added. The control uninhibited activity was determined in the absence of GDPPS and Bt2 c-GMP (curve II, o). The decay of GTP +CC K -8 activation was measured when GDPPS without (a) or with Bt2 c-GMP was added together with [a-32P]ATP (curve I, •). The residual activity of the inhibited enzyme was tested with both inhibitors already present in the preincubation medium (curve III, a ). Whenever used, GDPPS was present at a final concentration of 0.1 mM and Bt2 c-GMP at 0.67 mM. At indicated times, aliquots were removed, added to the stopping solution, and cyclic [32P]AMP formed was isolated and assayed. The value for koU was determined by the graphical method of , and in both (a) and is ca. 7 min-1, as indicated by the broken lines.
time/min .a 0.2 time/min F ig u r e 7. Effect of cholera toxin pretreatment (a, 0 pg/ml; b, 0.5 pg/ml; 30 pg/ml) on the deactivation rate constant ko ff of (GTP + CCK-8)-activated rat pancreatic adenylate cyclase. The experiments consisted of successive incubations. Adenylate cyclase was activated by preincubating membranes for l£ min at 37 °C in an adenylate cyclase assay medium containing, at final concentration, 0.25 pM GTP and 0.05 pM CCK-8 but lacking [a-32P]ATP. The formation of cyclic [32P]AMP was then allowed by adding [a-32P]ATP (curve II). For the inhibited activities illustrated in curves I and III, the experimental conditions were those described in figure 6 b.Values for koti (broken lines) are: (a) 7 min-1; ( 0.8 min-1; (c) 0.5 min-1.
on January 5, 2018 http://rstb.royalsocietypublishing.org/ Downloaded from (I977)* The content of tube III served as a control, the enzyme being inhibited during the first step. Figure 6 shows clearly that the inhibition of CCK-8 action with Bt2 c-GMP was unable to modify A :off, indicating that CCK-8 by itself was without significant effect on
The effects of cholera toxin on this parameter were quite different (figure 7). Here, deactivation was again followed for 60 s in untreated membranes (figure 7 but for as much as 8 min in membranes pretreated with cholera toxin membranes (figure because the rate of deactivation was markedly reduced: the high of 7 min-1 in native adenylate cyclase was reduced to 0.8 and 0.5 min-1 after pretreatment with 0.5 and 30 g/m l cholera toxin respectively. Table 3 This effect of cholera toxin corresponded to a reduction in GTPase activity. Pancreatic plasma membranes have a hormone-dependent low GTPase stimulated by CCK-8 and the two parent peptides caerulein and pentagastrin (Lambert 1979) . When GTPase activity was assayed with [y-32P] GTP, this CCK-8-dependent activity, tested at a low GTP concentration (0.25 (am) , must be differentiated from (1) a non-specific residual NTPase activity that resisted the inhibitory effect of 0.5 mM ATPyS and can be tested at a high GTP concentration (30 jxm), and (2) from a CCK-8-dependent (basal) low GTPase activity, estimated by difference. Table 4 shows that a pretreatment with cholera toxin (at 30 pg/ml) reduced the CCK-dependent GTPase activity to 56% of control but had no effect on the two other GTPase activities.
(r) The rate constant of dissociation of the intact nucleotide, k_x Concerning the third rate constant, k_x, our data strongly suggested its contribution to the operation of the model. This rate constant reflects the release of the intact nucleotide (figure 1) and its value corresponds to the experimental value of kot{ when the component of kQ{{ is zero, i.e. when the nucleotide cannot be hydrolysed. This was observed under two circumstances: (a) when GTP was applied to membranes pretreated with cholera toxin, and (b) when a stable nucleotide was applied to native membranes.
Under these conditions, CCK-8 was able to increase kott moderately. This was shown in plasma membranes pretreated with cholera toxin and activated with GTP and CCK-8 ( (a) The observed GTP fractional activation was measured as the ratio of the activity in the presence of GTP alone to the activity in the presence of saturating concentrations of GTPyS and CCK-8. A part from CCK-8, a cholera toxin pretreatm ent also increased the value of with p[N H ]ppG but not with GTPyS. Table 3 shows that in control membranes, £off ( = k_1) with p[N H ]ppG (middle columns) and GTPyS (right columns) was so low that it could not be determined. This of course illustrates the persistence of p[N H ]ppG and GTPyS activation in untreated membranes (Svoboda et al. 1978a) . W ith p[N H ]ppG , £off remained minimal after a pretreatm ent with cholera toxin at 0.5 pg/m l but increased to 0.3 m in-1 after a pretreatm ent with cholera toxin at 30 pg/m l. In contrast to p[N H ]ppG activation, that produced by GTPyS persisted after pretreatm ent at the high concentration of cholera toxin which reflected a higher affinity of GTPyS than p[N H ]ppG for the regulatory site, even when the latter was ADP-ribosylated by cholera toxin.
C onclusions
From the present data as summarized in figure 5, four conclusions can be drawn. The first three conclusions are formulated in the abstract. Figure 8 is a schematic representation of the distinct modes of action of CCK-8 and of a cholera toxin pretreatm ent. The last conclusion is that the theoretical requirements of this model were supported experimentally. For instance, the measured values of [Ea]/[ E tot], defining G TP efficacy at equilibrium (table 5, column a) compared reasonably well with the calculated values of the same param eter (in column b) that were estimated from the experimental values for k+1 (with p[N H ]ppG ) and (with GTP) that included k2 and kx (table 5, middle columns).
